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•  rGO/CuNPs— PT/G  electrode  shows  better  catalytic  performance  for  methanol  oxidation. 
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Reduced  graphene  oxide  (rGO)  was  used  to  support  Cu  nanoparticles.  As  electro-active  electrodes  for 
supercapacitors  composites  of  reduced  graphene  oxide/Cu  nanoparticles  (rGO/CuNPs)  and  polytyramine 
(PT)  with  good  uniformity  are  prepared  by  electropolymerization.  Composite  of  rGO/CuNPs-PT  was 
synthesized  by  cyclic  voltammetry  (CV)  methods  and  electrochemical  properties  of  film  were  investi¬ 
gated  by  using  electrochemical  techniques.  The  results  show  that,  the  rGO/CuNPs-PT/G  has  better 
capacitance  performance.  This  is  mainly  because  of  the  really  large  surface  area  and  the  better  electronic 
and  ionic  conductivity  of  rGO/CuNPs— PT/G,  which  lead  to  greater  double-layer  capacitance  and  faradic 
pseudo  capacitance.  Modified  graphite  electrodes  (rGO/CuNPs— PT/G)  were  examined  for  their  redox 
process  and  electrocatalytic  activities  towards  the  oxidation  of  methanol  in  alkaline  solutions.  The 
methods  of  cyclic  voltammetry  (CV),  chronoamperometry  (CA)  and  electrochemical  impedance  spec¬ 
troscopy  (EIS)  were  employed.  In  comparison  with  a  Cu-PT/G  (Graphite),  rGO/CuNPs-PT/G  modified 
electrode  shows  a  significantly  higher  response  for  methanol  oxidation.  A  mechanism  based  on  the 
electro-chemical  generation  of  Cu(III)  active  sites  and  their  subsequent  consumptions  by  methanol  have 
been  discussed. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Conducting  polymers  such  as  polypyrrole,  polythiophenes  or 
polyaniline  represent  a  group  of  conjugated  7r-electron  materials 
which  process  a  combination  of  various  electrical,  optical  and  other 
semiconductor  properties  as  an  organic  semiconductors  that  with 
respect  to  electronic  energy  levels  hardly  different  from  inorganic 
semiconductors.  The  electropolymerisation  of  phenol  and  phenol 
derivatives  has  received  considerable  attention  due  to  their 
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importance  in  environmental,  industrial  electrocatalyst  and 
supercapacitor  applications  [1—5].  Electrochemistry  of  the  phenol 
derivatives  strongly  dependent  on  the  type,  position  and  number  of 
substituents  as  well  as  on  the  chosen  experimental  conditions. 
[6,7].  For  phenol  derivatives  with  amino  groups,  the  reported  vol- 
tammetric  studies  have  been  interpreted  by  analogy  with  the  well- 
established  aniline  oxidation,  i.e.  a  E(CE)n  mechanism;  the  oxida¬ 
tion  of  o-aminophenol  was  described  as  producing  a  ladder- 
structured  film  and  reactive  intermediates  of  2-amino-phenox- 
azin-3-1  formation  in  solution.  In  the  case  of  tyramine  (4-(2-ami- 
noethyl)phenol)  (Ty),  because  the  amino  function  is  separated  from 
the  phenolic  ring  by  two  methylene  groups,  it  is  expected  that  only 
the  phenol  moiety  is  oxidized  to  perform  the  polymerization  [6,7]. 
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The  optimized  molecular  structure  of  polytyramine  (heptamer) 
which  obtained  from  quantum  mechanical  DFT  calculations  is 
presented  in  Fig.  1. 

Graphene  nanosheet  (GN),  which  is  a  monolayer  of  carbon  atoms 
tightly  packed  into  a  honeycomb  lattice,  has  opened  a  new  avenue 
for  utilizing  two-dimensional  (2D)  carbon  material  as  a  support 
because  of  its  high  conductivity  (103-104  S  m_1),  tremendous  sur¬ 
face  area  (theoretically  calculated  value,  2630  m2  g-1),  unique 
graphitized  basal  plane  structure,  high  thermal  and  chemical  sta¬ 
bility,  and  potential  low  manufacturing  cost  [8-10].  These  unique 
structure  make  graphene  a  promising  additive  or  supporting 
component  for  potential  applications  in  various  fields  [11-16],  such 
as  nanoelectronics  17,18],  batteries  [19  ,  nanocomposites  [20,21], 
supercapacitors  [12],  and  sensors  [22,23]  solar  cells  [24,25]  fuel  cells 
[26,27]  etc.  Especially  the  metals  or  metal  oxides  are  distributed 
onto  the  surface  of  graphene  or  between  the  graphene  layers,  as 
substrates  for  immobilizing  metal  or  metal  oxide  catalysts,  have 
been  fabricated  by  restacking  graphene  sheets  in  the  presence  of 
guest  nanoparticles  or  corresponding  precursors.  For  example,  Pt 
[28],  C03O4  [29]  nanoparticles  supported  by  chemically  converted 
graphene  were  found  to  be  an  excellent  electrocatalyst  for  oxygen 
reduction  reaction  (ORR).  Palladium  nanoparticles  on  graphite  oxide 
and  its  functionalized  graphene  derivatives  showed  high  catalytic 
activities  for  the  Suzuki-Miyaura  coupling  reaction  [11].  Ti02 
nanoparticles  decorated  graphene  exhibited  high  photocatalysis 
performance  [30].  Copper-based  and  its  oxide-based  nanomaterials 
were  of  great  interest  for  their  extensive  applications  in  catalysis,  gas 
sensor,  Li  ion  battery,  gas  sensor,  field-effect  transistors  and  bio¬ 
sensors  for  a  long  time  [31  ]. 

Herein,  we  describe  a  simple  strategy  dispersing  of  rGO/CuNPs 
within  the  conducting  polymer  matrix  by  in  situ  electro¬ 
polymerization  using  an  ionic  surfactant  as  the  supporting  elec¬ 
trolyte.  The  rGO/CuNPs  were  first  dispersed  in  an  aqueous  solution 
containing  an  ionic  surfactant.  Then  electroactive  monomer  (Ty) 
was  added  into  the  above  mixture  and  finally  electrochemical  re¬ 
action  was  preceded  at  the  surface  of  the  graphite  electrode.  In  the 
present  work  rGO/CuNPs-PT  composite  was  synthesized  by  cyclic 
voltammetry  (CV)  methods  and  electrochemical  properties  of  film 
were  investigated  by  using  electrochemical  techniques,  viz.  CV  and 
electrochemical  impedance  spectroscopy  (EIS). 

2.  Experimental 

2.1.  Instruments  and  reagents 

All  reagents  were  purchased  from  the  Merck  and  Aldrich 
chemical  companies  and  used  without  further  purification.  X-ray 


clarity. 


diffraction  measurements  were  performed  with  a  Philips  powder 
diffractometer  type  PW  1373  goniometer.  It  was  equipped  with  a 
graphite  monochromator  crystal.  Electrochemical  studies  were 
carried  out  in  a  conventional  three  electrode  cell  powered  by  an 
electrochemical  system  comprising  of  EG&G  model  273  potentio- 
stat/galvanostat  and  Solartron  model  1255  frequency  response 
analyzer.  The  system  is  run  by  a  PC  through  M270  commercial 
software  via  a  GPIB  interface.  Saturated  Calomel  Electrode  (SCE),  a 
Pt  wire  and  a  graphite  (G)  electrode  (0.22  cm2)  were  used  as  the 
reference,  counter  and  working  electrodes,  respectively.  The  X-ray 
wavelength  was  1.5405  A  and  the  diffraction  patterns  were  recor¬ 
ded  in  the  26  range  (10-60)  with  scanning  speed  of  2°/min. 
Morphology  and  particle  dispersion  was  investigated  by  scanning 
electron  microscopy  (SEM)  (Cam  scan  MV2300).  The  chemical 
composition  of  the  prepared  nanostructures  was  measured  by  EDS 
performed  in  SEM.  All  studies  were  carried  out  at  298  ±  2  K. 

2.2.  Preparation  of  graphene  oxide 

Graphene  oxide  was  synthesized  from  commercial  graphite  by 
modified  Hummers  method  [32,33].  The  commercial  graphite 
powder  (10  g)  was  put  into  230  mL  concentrated  H2SO4  that  had 
been  cooled  to  bellow  of  20  °C  with  a  circulator.  300  g  potassium 
permanganate  (KMnCH)  was  added  with  stirring,  so  that  the  tem¬ 
perature  of  the  mixture  was  fixed  at  bellow  of  20  °C.  Then,  the 
temperature  of  the  reaction  was  changed  and  brought  to  40  °C  and 
mixture  was  stirred  at  40  °C  for  1  h.  500  mL  de-ionized  water  was 
added  to  the  mixture,  causing  an  increase  in  temperature  to  100  °C. 
After  that,  2.5  mL  H2O2  (30  wt.  %)  was  slowly  added  to  the  mixture 
supplementary  this  solution  was  diluted  by  addition  lit  de-ionized 
water.  For  purification,  the  suspension  was  washed  with  1:10  HC1 
solution  (200  mL)  in  order  to  remove  metal  ions  by  filter  paper  and 
funnel.  The  suspension  was  washed  with  much  de-ionized  water  at 
several  times,  until  the  filtrate  became  neutral  to  remove  remaining 
salt  impurities.  The  graphene  oxide  was  characterized  by  XRD  and 
FT-IR  spectroscopy  [34]. 

2.3.  Preparation  of  reduced  graphene  oxide  (rGO) 

Chemical  reduction  of  graphene  oxide  to  reduced  graphene 
oxide  was  done  according  to  a  new  procedure.  Suspension  aqueous 
colloids  of  GO  were  prepared  from  the  dried  graphene  oxide  (GO) 
by  mechanical  stirring  and  heat  treatment  with  a  circulator.  In  the 
experiment,  10  g  of  graphene  oxide  was  stirred  into  1  L  of  distilled 
water.  This  dispersion  was  stirred  using  a  Fisher  mechanical  stirring 
until  it  became  a  clear  solution  with  no  visible  particulate  material. 
After  that,  the  pH  of  the  solution  was  increased  to  10  by  adding 
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Fig.  2.  XRD  pattern  of  rGO/CuNPs. 


302 


A  Ehsani  et  al.  /  Journal  of  Power  Sources  257  (2014)  300-307 


Fig.  3.  (a)  SEM  images  of  rGO/CuNPs  and  (b)  rGO/CuNPs/PT. 


NaOH  solution  and  20  mL  of  hydrazine  monohydrate  was  added,  to 
the  solution  at  95  °C  and  stirred  for  4  h,  subsequently  the  reaction 
was  completed,  the  reduced  graphene  oxide  was  collected  by 
filtration  as  a  black  powder.  The  obtained  powder  was  washed  with 
distilled  water  several  times  to  until  the  pH  is  nearly  7  and  until  to 
remove  the  excess  hydrazine.  The  final  product  was  dried  in  a 
vacuum  oven  at  100  °C  for  24  h. 

2.4.  Preparation  of  CuNPs 

200  mL  NaOH  (2  M)  solution  was  added  slowly  to  the  100  mL 
CuS04  -  5H20  (2  M)  solution  and  the  reaction  mixture  was  heated  to 
80  °C  under  constant  severe  stirring.  Copper  hydroxide  (Cu(OH)x) 
and  copper  oxide  (CuOx)  was  formed  and  deposited  as  sediments. 
Then,  the  sediments  were  filtered  and  recovered.  Distilled  water 
and  glucose  was  added  to  obtained  precipitate  and  agitated  until 
the  color  of  the  solution  changed  into  dark  red.  Glycine  (NH2-CH2- 
COOH)  was  then  added  to  the  above  solution  and  the  mixture  was 
ultrasonicated  for  the  appropriate  time.  100  mL  NaBH4  (24  M)  so¬ 
lution  was  then  added  dropwise  to  the  above  solution.  After  the 
completion  of  reaction  and  allowing  the  mixture  to  cool  to  room 
temperature,  the  reaction  mixture  was  filtered,  washed  with 
distilled  water,  after  that  dried  it  at  110  °C  in  a  vacuum  dryer.  The 
molar  ratio  of  the  mixture  Cu+2:NaOH:Glycine:NaBH4  are  1 :2:1 :12 
respectively  [35-37]. 

2.5.  Preparation  of  rGO/CuNPs 

In  a  typical  procedure,  rGO  powder  and  deionized  (DI)  water 
were  mixed  in  a  500  mL  three-necked  flask,  and  the  mixture  was 
ultrasonicated  for  45  min  at  room  temperature.  Cu  nanoparticle 
was  then  added  slowly  to  the  above  mixture  solution  under 
continuous  stirring  at  110  °C  for  12  h.  Subsequently,  the  mixture 


was  filtered  and  washed  several  times  with  DI  water  to  remove 
byproducts.  The  resulting  product  dried  at  100  °C  for  12  h  under 
vacuum  to  obtain  the  chemically  reduced  graphene  supported 
copper  nanoparticles  (rGO/CuNPs). 

2.6.  Preparation  of  rGO/CuNPs/PT 

Films  of  polytyramine  were  formed  on  the  graphite  surface 
using  a  tyramine  monomer  solution  (0.01  M  tyramine  in  0.1  M 
LiC104  and  0.1  M  HC104)  and  (0.01  M  tyramine  in  0.1  M  LiC104, 0.1  M 
HC104,  0.005  M  SDS  and  1%  rGO/CuNPs)  under  ultrasonic  irradia¬ 
tion.  The  electropolymerization  was  carried  out  by  potential  cycling 
40  cycles  at  a  scan  rate  of  50  mV  s-1  between  -0.2  and  0.9  V  versus 
SCE.  In  order  to  incorporate  Cu  (II)  ions  into  the  PT  composite,  the 
freshly  electropolymerised  graphite  electrode  was  placed  at  open 
circuit  in  a  well  stirred  aqueous  solution  of  0.1  mol  L  1  Cu  (N03)2. 

3.  Results  and  discussion 

3.1.  Characterization  of  rGO/CuNPs 

The  phase  and  crystallinity  of  the  catalyst  were  determined  by 
powder  X-ray  diffraction  (XRD).  The  X-ray  diffraction  pattern  of  as 
synthesized  rGO/CuNPs  shows  the  presence  of  metallic  copper  and 
cuprous  oxide  phases.  Fig.  2  shows  two  broad  peaks  of  26  values 
43.5°  and  50.4°  which  are  assigned  to  the  (111 )  and  (200)  indices  of 
face  centered  cubic  (fee)  lattice  of  metallic  Cu.  The  presence  of 
cuprous  oxide  could  be  because  of  the  air  oxidation  of  copper 
during  drying.  Peaks  at  42.6°  and  62.6°  could  be  attributed  to 
cuprous  oxide.  rGO  exhibits  a  broad  peak  (002)  at  about  of  2 6  =  25° 
[38  .  Moreover,  the  characteristic  peak  of  GO  at  10.7°  (001)  dis¬ 
appeared  in  the  pattern  of  the  rGO/CuNPs.  These  results  indicated 
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Fig.  4.  EDS  spectrum  of  rGO/CuNPs. 
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Fig.  5.  The  N2  adsorption-desorption  isotherm  and  Barrett-Joyner-Halenda  (BJH)  pore  size  distribution  plot  of  catalyst. 


that  graphene  oxide  (GO)  was  successfully  reduced  to  rGO  during 
the  redox  reaction. 

Fig.  3  shows  the  Scanning  electron  microscopic  (SEM)  images  of 
rGO/CuNPs  and  rGO/CuNPs/PT.  SEM  image  of  rGO/CuNPs  (Fig.  3a) 
showed  that  uniform  90  nm  sized  copper  nanoparticles  were  pro¬ 
duced.  It  is  clearly  observed  that  the  Cu  grain  pervaded  between 
rGO  sheets,  which  displays  a  good  combination  between  rGO  sheet 
and  CuNPs.  SEM  image  of  rGO/CuNPs/PT  composite  (Fig.  3b)  show 
porous  structure  with  high  active  surface  area.  Energy  dispersion 
spectroscopy  (EDS)  was  recorded  and  shown  in  Fig.  4.  In  the  EDS 
spectrum  of  rGO/CuNPs,  peaks  related  to  C,  0  and  Cu  were  observed. 

The  surface  area  of  rGO/CuNPs  was  determined  by  BET.  The  N2 
adsorption-desorption  isotherm  and  Barrett-Joyner-EIalenda 
(BJH)  pore  size  distribution  plot  of  rGO/CuNPs  showed  in  Fig.  5.  The 


BET  (Brunauer-Emmett-Teller)  surface  area  and  single  point  total 
pore  volume  are  29.96  m2  g-1  and  5.2  x  1CT2  cc  g~\  respectively. 

3.2.  Electrosynthesis  of  composite  film  and  electrochemical 
properties 

In  previous  publications  [1-5],  we  described  how  poly  ortho 
aminophenol  films  were  deposited  in  situ  electropolymerised  on 
the  surface  of  graphite  electrode  by  using  of  cyclic  voltammetry 
methods.  In  this  study  the  electropolymerization  of  Ty  was  carried 
out  by  potential  cycling  (40  cycles  at  a  scan  rate  of  50  mV  s-1) 
between  -0.2  and  0.9  V  versus  SCE  in  the  monomer  solution 
containing  dispersed  rGO/CuNPs.  Fig.  6a  shows  the  typical  multi¬ 
sweep  cyclic  voltammograms  during  Ty  electro-polymerization  in 


Fig.  6.  The  typical  multi-sweep  cyclic  voltammograms  during  electropolymerization  of  PT  in  the  absence  (a)  and  presence  of  rGO/CuNPs.  (c)  Present  compared  voltammograms  of 
(a)  and  (b). 
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Fig.  7.  (a);  The  cyclic  voltammograms  of  the  rGO/CuNPs-PT/G  and  PT  films,  (b)  The  cyclic  voltammograms  of  the  rGO/CuNPs-PT/G  in  different  scan  rates  (25-200  mv  s  1).  Inset 
shows  different  magnification  of  PT  cyclic  voltammogram. 


the  absence  of  rGO/CuNPs.  As  shown  in  Fig.  6a,  Tyramine  (Ty)  is 
oxidized  irreversibly  around  900  mV  without  corresponding 
cathodic  processes  in  the  reverse  scan.  During  the  next  cycles,  a 
redox  peak  appeared  at  lower  potential,  and  its  current  did  not 
increase  considerably  with  potential  cycling.  Also,  the  monomer 
oxidation  potential  was  shifted  and  its  oxidation  current  increased 
(Fig.  6b),  while  adding  rGO/CuNPs  to  the  monomer  solution.  Under 
ultrasonic  irradiation,  the  aggregates  of  rGO/CuNPs  were  broken 
down  and  nanoparticles  redispersed  in  the  aqueous  solution  at 
nano  scale,  while  at  the  same  time,  Ty  monomer  is  polymerized  and 
the  synthesized  PT  absorbed  on  the  surface  of  nanocrystalline  rGO/ 
CuNPs.  The  surfactant  molecules  are  absorbed  on  the  surface  of 
composite  particles  and  obtained  a  stabilizing  effect. 

To  elucidate  the  effect  of  rGO/CuNPs  on  the  property  of  PT  films, 
electrochemical  performance  of  composite  films  was  evaluated  by 
carrying  out  CV  measurements  in  0.5  M  HCIO4,  as  shown  in  Fig.  7. 
The  cyclic  voltammograms  of  the  rGO/CuNPs-PT/G  films  showed  a 
broad  oxidation  and  reduction  waves  in  positive  and  negative  di¬ 
rection  respectively.  Their  wave  currents  were  stronger  than  that  of 
pure  PT  films  electrodes.  The  voltammetric  behavior  of  both  films  is 
similar  and  the  CV  curves  show  capacitive-like  responses  approx¬ 
imately  rectangular  in  shape.  The  voltammograms  reveal  the 
electrodes  are  stable  in  HCIO4  solution  within  the  sweeping  po¬ 
tential  range.  Close  comparisons  of  CV  curves  between  rGO/ 
CuNPs— PT/G  electrode  and  pure  PT/G  electrode  show  that  a  rGO/ 
CuNPs— PT/G  electrode  not  only  displays  a  higher  background  cur¬ 
rent  in  the  potential  sweep  but  also  there  exist  faradic  currents, 
which  are  believed  to  arise  from  the  contribution  of  the  loaded 
rGO/CuNPs.  Owing  to  the  higher  current  in  the  voltammograms  of 
the  rGO/CuNPs-PT/G  electrode  than  a  pure  PT/G  electrode,  a  larger 


capacitance  for  capacitors  equipped  with  rGO/CuNPs-PT/G  elec¬ 
trode  can  be  anticipated.  The  specific  capacitance,  SC,  can  be  ob¬ 
tained  from  the  following  equation  for  CV  measurements  [39-42]: 


where  i  denotes  the  average  cathodic  current,  s  is  the  applied  po¬ 
tential  sweep  rate,  and  m  is  the  mass  of  each  active  material  on  the 
electrode.  Electrode  weighting,  before  and  after  the  deposition 
process,  yields  the  amount  of  the  active  material  on  the  surface  of 
the  electrode.  It  is  interesting  to  see  that  the  supercapacitor  made 
by  rGO/CuNPs-PT  show  a  wide  open  rectangular  shaped  voltam¬ 
mogram  with  a  charge  density  of  560  F  g-1.  Whereas  the  PT  film 
show  nearly  rectangular  voltammetric  shape  with  maximum  spe¬ 
cific  capacitance  of  105  F  g-1. 

The  increase  in  the  current  due  to  increased  scan  rates  show  the 
linear  variation  in  capacitive  currents  of  polymer  and  composite 
electrodes  as  a  function  of  cyclic  voltammetric  scan  rates.  Inter¬ 
estingly,  the  shape  of  CV  curve  even  at  higher  scan  rate 
(200  mV  s-1)  is  rectangular  and  the  capacitive  current  from  rGO/ 
CuNPs-PT  film  is  unexpectedly  high.  The  higher  slope  of  the  linear 
trend  of  CV  currents  from  rGO/CuNPs-PT  film  is  related  to  forma¬ 
tion  of  hybrid  (double  layer  and  pseudo)  supercapacitor. 

In  the  case  of  electrochemical  system,  EIS  can  reveal  information 
regarding  processes  occurring  in  the  polymer  matrix  when  it  is 
doped.  This  may  include  kinetic  values  of  the  doping  process  and 
parameters  of  the  diffusion  of  ions  into  the  polymers  [43-47].  EIS 
was  analyzed  for  PT  films  in  two  different  synthesis  conditions  in 
acidic  solution  of  HC104  and  LiC104.  Fig.  8  shows  the  Nyquist 


Fig.  8.  Nyquist  diagrams  of  rGO/CuNPs-PT/G  and  PT  films  in  OCP  in  acidic  solution.  Inset  shows  different  magnification  of  Nyquist  plot. 
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Fig.  9.  Cyclic  voltammograms  of  rGO/CuNPs-PT/G  and  Cu/PT  electrode  in  0.1  M  NaOH 
solution  in  the  presence  of  0.02  M  methanol  at  a  potential  sweep  rate  of  10  mV  s  \ 


diagrams  of  electrodes  in  open  circuit  potential  (OCP).  The  plot  in 
Fig.  8  depicts  a  single  semi-circle  in  the  high  frequency  region  and  a 
straight  line  in  the  low-frequency  region  for  all  spectra.  The  high- 
frequency  arc  is  the  overall  contact  impedance  generated  from 
the  electrical  connection  between  rGO/CuNPs-PT/G  composites 
and  the  backing  plate  as  well  as  the  charge  transfer  at  the  contact 
interface  between  the  electrode  and  the  electrolyte  solution.  In 
spite  of  the  similar  shape  of  the  impedance  spectra,  there  is  an 
obvious  difference  between  the  diameters  of  the  semi-circles.  That 
is,  the  diameters  of  the  semicircles  decline  greatly  in  the  presence 
of  rGO/CuNPs  in  the  PT.  In  other  words,  the  bulk-film  transport  of 
electrons  and  the  charge  transfer  resistance  (Rc t)  of  rGO/CuNPs-PT 
composite  films  are  much  lower  than  that  of  the  pure  PT  films.  This 
means  that  the  rGO/CuNPs  inside  the  PT  matrix  may  lead  to  a  faster 
electron  transport  in  the  bulk-film  and  charge  transfer  in  the  par¬ 
allel  PT  film/solution  interface  and  rGO/CuNPs/solution  interface, 
compared  to  that  in  the  originally  single  PT  film/solution  interface. 
This  fact  may  suggest  that  the  rGO/CuNPs  has  an  obvious 


improvement  effect,  which  makes  the  composites  have  more  active 
sites  for  faradic  reactions  and  a  larger  specific  capacitance  than 
pure  PT.  Also,  this  result  in  enhanced  electric  conductivity,  lowers 
the  resistance,  and  facilitates  the  charge-transfer  of  the  composites. 

Composite  films  were  applied  to  electrooxidation  of  methanol  in 
alkaline  media.  Fig.  9a  shows  cyclic  voltammograms  of  rGO/ 
CuNPs— PT/G  electrode  in  0.1  M  NaOFI  solution  in  the  presence  of 
0.02  M  methanol  at  a  potential  sweep  rate  of  10  mV  s-1.  The  larger 
methanol  response  at  the  rGO/CuNPs-PT/G  respect  Cu-PT/G 
(Fig.  9b)  electrode  is  proposed  to  be  the  rGO/CuNPs-PT  enhances 
the  catalytic  properties  of  copper  oxide  through  fine  dispersion  of 
the  catalyst  particles  into  the  conductive  polymer  matrix  to  results 
in  a  drastic  increase  in  surface  area. 

At  rGO/CuNPs-PT/G  electrode,  oxidation  of  methanol  appeared 
as  a  typical  electrocatalytic  response  in  alkaline  media  by  Cu(OH)2 / 
CuOOFI  [48].  The  anodic  electrochemical  reactions  can  be  sum¬ 
marized  as  follows  [48]: 

Cu2+^Cu3+  +  e-  (2) 

Cu3+  +  CH3OHads  ^Cu2+  +  intermediate  (3) 

Cu3+  +  intermediate  Cu2+  +  product  (4) 

Fig.  10a  presents  the  Nyquist  diagrams  of  rGO/CuNPs-PT/G  and 
Cu-PT/G  electrodes  recorded  at  700  mV  dc-offset  both  in  the 
presence  of  methanol  in  0.1  M  NaOH  solution.  Both  of  the  electrode 
resistance  and  charge  transfer  resistance  significantly  decrease  in 
the  presence  of  rGO/CuNPs  in  the  polymer  films.  In  other  words,  the 
bulk-film  transport  of  electrons  and  the  charge  transfer  resistance 
(Ret)  of  rGO/CuNPs-PT  composite  films  are  much  lower  than  that  of 
the  Cu-PT  films  in  the  electrooxidation  of  the  methanol. 

Fig.  10b  presents  the  Nyquist  diagrams  of  rGO/CuNPs-PT/G  in 
different  concentration  of  the  methanol.  In  the  methanol’s  con¬ 
centration  range  of  0.005-0.02  M  a  steady  decrease  of  the  diameter 
of  the  semi-circle  is  witnessed.  Diagrams  consist  of  a  small  semi¬ 
circle  terminated  to  depressed  capacitive  semicircles  at  low  fre¬ 
quency  end  of  the  spectrum.  The  equivalent  circuit  compatible  with 
the  Nyquist  diagram  recorded  in  the  presence  of  methanol  was 
depicted  in  Fig.  10b.  To  obtain  a  satisfactory  impedance  simulation 
of  ethanol  electro-oxidation,  it  is  necessary  to  replace  the  capacitor 
C  with  a  constant  phase  element  (CPE)  in  the  equivalent  circuit.  The 
most  widely  accepted  explanation  for  the  presence  of  CPE  behavior 
and  depressed  semicircles  on  solid  electrodes  is  microscopic 


Fig.  10.  (a)Nyquist  diagrams  of  rGO/CuNPs-PT  and  Cu-PT/G  electrodes  recorded  at  700  mV  dc-offset  both  in  the  presence  of  methanol  in  0.1  M  NaOH  solution,  (b)  Nyquist  diagrams 
of  rGO/CuNPs— PT  in  different  concentration  of  the  methanol. 
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Fig.  11.  (a)  Double  steps  chronoamperogram  of  rGO/CuNPs-PT  electrode  in  0.1  M  NaOH  solution  with  different  concentrations  of  methanol,  (b)  Dependency  of  transient  current  on 
t1/2  for  0.02  M  methanol  in  the  surface  of  rGO/CuNPs-PT  electrode. 


roughness,  causing  an  inhomogeneous  distribution  in  the  solution 
resistance  as  well  as  in  the  double-layer  capacitance.  The  parallel 
combination  of  charge  transfer  resistance  R\  and  constant  phase 
element  CPEi  accounts  for  the  injection  of  electrons  from  the 
conductive  polymer  to  the  back  metallic  contact.  R2  and  CPE2 
represent  the  methanol  oxidation.  As  increasing  methanol  con¬ 
centrations  decrease  the  diameters  of  semicircle,  and  charge 
transfer  for  methanol  electrooxidation  on  the  surface  of  rGO/ 
CuNPs-PT/G  is  lower  than  Cu-PT.  In  other  words,  introduction  of 
rGO/CuNPs  into  the  polymer  matrix  decrease  the  charge  transfer 
resistance  in  Nyquist  plots. 

Chronoamperograms  were  recorded  by  setting  the  working 
electrode  potentials  to  the  desired  values  and  measuring  the  cat¬ 
alytic  rate  constant  on  the  rGO/CuNPs-PT/G  electrode  surface. 
Fig.  11a  shows  chronoamperograms  for  the  rGO/CuNPs— PT/G 
electrode  in  the  absence  and  presence  of  methanol  over  the  con¬ 
centration  range  0.005—0.02  M.  Plotting  the  net  currents  versus  the 
square  roots  of  time  results  in  linear  dependencies  (Fig.  lib). 
Therefore,  a  diffusion-controlled  process  is  dominant  for  electro¬ 
oxidation  of  methanol.  By  using  the  slopes  of  these  lines,  we  can 
obtain  the  diffusion  coefficients  of  the  methanol  according  to  the 
Cottrell  equation  [49]: 

/  =  nFAD1  /2  C*  tit1  /2  r 1  !2  (5) 

where  D  is  the  diffusion  coefficient,  and  C*  is  the  bulk  concentra¬ 
tion.  The  mean  values  of  the  diffusion  coefficients  for  methanol 
were  8.52  x  10  6  cm2  s-1  on  the  rGO/CuNPs— PT  surface.  Chro- 
noamperometry  can  also  be  used  to  evaluate  the  catalytic  rate 
constant  according  to  [49]: 

-  y1/2 |rc1/2erf (y1/2)  +  exp(-y)/y1/2j  (6) 

where  /cat  and  4  are  the  currents  in  the  presence  and  absence  of  the 
methanol,  respectively,  and  y  =  k0Ct  is  the  argument  of  the  error 
function.  k0  is  the  catalytic  rate  constant,  and  t  is  elapsed  time.  In 
cases  where  y  >  1.5,  erf(y^2)  is  almost  equal  to  unity,  and  Eq.  (6) 
can  be  reduced  to 

^  =  yV2nV2  =  nV2{kcMt)  1/2  (7) 

1  1/9 

From  the  slopes  of  the  ICatlk  versus  tl,z  plots,  the  mean  values  of 
k0  obtained  for  methanol  was  7.39  x  103  cm3  mol-1  s-1. 


4.  Conclusions 

We  have  demonstrated  a  simple  and  general  strategy,  namely  in 
situ  electropolymerization  by  using  the  ionic  surfactant  as  elec¬ 
trolyte,  for  dispersing  rGO/CuNPs  within  conducting  films.  In 
comparison  with  a  polymer  the  rGO/CuNPs— PT/G  electrode  shows 
a  better  catalytic  performance  for  the  electrocatalytic  oxidation  of 
methanol.  The  results  show  that,  the  rGO/CuNPs— PT/G  has  better 
capacitance  performance.  This  is  mainly  because  of  the  really  large 
surface  area,  and  the  better  electronic  and  ionic  conductivity  of 
rGO/CuNPs-PT/G,  which  lead  to  greater  double-layer  capacitance 
and  faradic  pseudo  capacitance. 
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